1. Introduction
===============

Dengue virus, a positive-sense single-stranded RNA virus belonging to the family Flaviviridae and mainly spread by the mosquito *Aedes aegypti*, is an important human infection pathogen in the tropics and subtropics. The clinical manifestations of dengue virus infection range from asymptomatic infection, undifferentiated fever and dengue fever (with agonizing limb pain and sobriquet of break-bone fever), to dengue hemorrhagic fever with plasma leakage and potentially life-threatening dengue shock syndrome. Thus, dengue virus infection remains an important public health burden requiring continuing attention. The diverse host responses against dengue virus infection correlate with the activation of not only humoral and cell-mediated immunity, but also autoimmunity ([@bib31]).

Upon viral infection of a cell, multiple signaling pathways including those of cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS) and interferons are activated, and participate in the regulation of gene expression related to inflammation ([@bib55]). COX-2 is the rate-limiting enzyme for catalysis of arachidonic acid to prostaglandin G~2~, which by peroxidase is further reduced to prostaglandin H~2~ (PGH~2~), the precursor of various prostanoids, namely prostaglandins (including prostaglandin E~2~, PGE~2~), prostacyclins and thromboxanes ([@bib57]). Overexpression of COX-2 leads to increased levels of PGE~2~, a central mediator of inflammation ([@bib61]). PGE~2~ is one of the most important pro-inflammatory cytokines, associated with induction of inflammation, leukocyte chemoattraction, and pain perception. PGE~2~ modulates immune function in inflammatory reactions, regulates viral replication and virulence, and participates in a wide range of normal physiological processes ([@bib40]).

Expression of COX-2 is regulated by numerous transcription factors, including nuclear factor-kappaB (NF-κB), nuclear factor of activated T cells (NFAT)/activator protein-1 (AP-1), cyclic-AMP response element (CRE), PU.1, activating enhancer-binding protein-2 (AP-2), specificity protein-1 (SP-1), GATA box and CCAAT enhancer-binding protein (C/EBP), as well as the canonical TATA box at the promoter region ([@bib4], [@bib39]). In response to stimulation, activation of transcription factors NF-κB, AP-1 and/or other various transcription factors collaborate to induce transcription of numerous downstream genes as well as the COX-2 gene, which subsequently manipulates immunity ([@bib65]).

The cumulative data suggest that, in response to virus infection in most types of cells, COX-2 mRNA accumulation, protein expression, and PGE~2~ production are stimulated, however the opposite response has also been shown; in peripheral blood mononuclear cells infected with Epstein--Barr virus, the reactions seem to be virus- and cell type-dependent ([@bib52]). Activated PGE~2~ may protect the cell from invasion but also be used by some viruses to favor viral production ([@bib55]). Induced COX-2 expression and resultant prostaglandins may also play an anti-inflammatory role ([@bib28]). Although the COX-2 and PGE~2~ response to different viral infections in various types of cell has been widely investigated, little is known about this response to dengue virus infection.

Modulation of COX-2/PGE~2~ synthesis in stimulated cells by anti-inflammatory molecules could be a way to suppress viral replication and spread. Non-steroidal anti-inflammatory drugs (NSAIDs), potent non-selective COX inhibitors and pain relievers like aspirin, indomethacin and ibuprofen, all have been shown to exert antiviral effects or attenuate disease severity during infection by herpesvirus ([@bib58]), cytomegalovirus ([@bib54]), varicella-zoster virus ([@bib41]), influenza virus ([@bib30]), Japanese encephalitis virus ([@bib3]), respiratory syncytial virus ([@bib46]), and mouse hepatitis coronavirus ([@bib43]). Selective COX-2 inhibitors, such as celecoxib and NS398, also have shown great potential for reducing virus infection by inhibiting viral protein synthesis in rotavirus-infected intestinal Caco-2 cells ([@bib48]), and by reducing viral yields of alphaherpes in rate embryonic fibroblasts ([@bib44], [@bib45]).

Anti-inflammatory compounds from herbs have been widely examined for their antiviral effects ([@bib19], [@bib36]). Triptolide and tetrandrine, the major ingredients of *Tripterygium wilfordii* Hook F (Thunder God Vine) and *Stephania tetrandra* S. Moore (Han-Fang-Chi), respectively, are two commonly prescribed Chinese antirheumatic herbs, both of which have anti-inflammatory and immunomodulatory activities ([@bib12]). Triptolide has been shown to suppress the induction of COX-2 activity and PGE~2~ production in lipopolysaccharide (LPS)-stimulated monocytes from human peripheral blood, fibroblasts from rheumatoid arthritis synovial tissue and human neonatal foreskin fibroblasts ([@bib56]). Triptolide also impairs dendritic cell migration by inhibiting COX-2 and CCR7 expression through NF-κB and phosphatidylinositol-3 kinase (PI3-K)/Akt pathway ([@bib34]). Tetrandrine also has been shown to be an effective inhibitor of COX-2 expression in human monocytic cells ([@bib62]).

Accordingly, we hypothesized that the two compounds might possess antiviral effects via their anti-inflammatory and immunomodulatory properties. In the present study, we explored the effect of triptolide and tetrandrine on the immune response of COX-2/PGE~2~ to dengue virus infection in human lung cells (A549 cells). We found that triptolide, but not tetrandrine, was a dose-dependent suppressor of the COX-2/PGE~2~ activated by dengue virus infection, probably though inhibition of activation of NF-κB and AP-1. However, tetrandrine, but not triptolide, blocked dengue virus production in A549 cells.

2. Materials and methods
========================

2.1. Preparation of tetrandrine and triptolide
----------------------------------------------

The preparation of tetrandrine and its analogs has been described previously ([@bib25]). In brief, tetrandrine powder (purity \> 98%; Yichang Pharmaceutical Company, Hubei Province, PRC) was dissolved in 0.1 N HCl. For each experiment, the stock solution was further diluted with 0.1 N HCl to desired concentrations (1, 2.5, 5, 10 μM). Crystalline triptolide (PG490, molecular weight 360, purity 99%) was purchased from SIGMA. Triptolide was dissolved in dimethyl sulfoxide (DMSO) and stock solutions (20 mg/ml) stored at − 20 °C. Triptolide was freshly diluted to the indicated concentrations (0.5, 1, 2, 4 ng/ml) with culture medium before use in experiments. DMSO concentration in test conditions did not exceed 0.01%.

2.2. Culture medium and preparation of A549, HepG2 cells and human peripheral blood monocyte-derived dendritic cells
--------------------------------------------------------------------------------------------------------------------

A549 cells (type II human lung alveolar epithelial cell carcinoma), obtained from American Type Culture Collection (ATCC), were maintained in Ham\'s F12K medium (GIBCO-BRL, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Biological Industries, Kibbutz Beit Haemek, Israel), 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen Life Techonologies). HepG2 cells (human hepatocellular carcinoma cell line) (ATCC) were cultured in Dulbecco\'s Modified Eagle Medium (Sigma, St Louis, MO) supplemented with 10% FBS (Gibco, Grand Island, NY). Human peripheral blood monocyte-derived dendritic cells were established from positively selected CD14^+^ monocytes using a MACS cell isolation column following manufacturer\'s instructions (Miltenyi Biotech) as described in our previous work ([@bib13]). The purity of dendritic cells, as determined by the positive staining of CD1a, was consistently higher than 90%. Baby hamster kidney (BHK-21) cells were maintained in DMEM containing 10% FBS.

2.3. Virus preparation and titer determination
----------------------------------------------

The dengue virus preparation has been described with some modifications in our previous work ([@bib16]). In short, dengue virus serotype 2 (DV2) New Guinea C (NGC) strain (ATCC) was propagated in C6/36 mosquito cells in RPMI-1640 containing 5% heat-inactivated FBS and maintained at 28 °C in a 5% CO~2~ atmosphere for 4--7 days. The supernatants were collected, from which virus titers were determined, then stored at − 80 °C until use.

Plaque assay was used to determine virus titers. In brief, serial dilutions of virus culture supernatants were placed into 6-well plates seeded with 80% confluent BHK-21 cells and incubated at 37 °C for 3 h. After adsorption, cells were washed by phosphate buffered saline (PBS) solution thrice and overlaid with RPMI-1640 (3 ml/well) containing 1% SeaPlaque agarose (FMC BioProducts) and 2% FBS. After incubation at 37 °C for 7 days, cells were fixed with 10% formaldehyde (\> 1 h at room temperature) and stained with 0.5% crystal violet in normal saline solution containing 50% alcohol and 1.85% formaldehyde. The numbers of plaques were counted and corrected by individual dilution factors, and the results shown as plaque-forming units (PFU) per milliliter.

2.4. Virus infection
--------------------

A549, HepG2 and dendritic cells cultured for 5 days were infected with mock or DV2 at a multiplicity of infection (m.o.i.) of 5 at 37 °C ([@bib14]), then supernatants and cells were collected, without removing unbound virus, at various time points for different analyses (see [Results](#sec1){ref-type="sec"}). In the studies of virus infection and drug treatment, A549 cells (1 × 10^6^ ml^− 1^), incubated in Ham\'s F12K medium with 10% FBS, were pre-treated with various concentrations of triptolide for 16 h or tetrandrine for 2 h pre-infection, then transferred to Ham\'s F12 medium with 5% FBS and corresponding drug concentration, infected with dengue virus at m.o.i. 5, and finally harvested 48 h (triptolide groups) or 24 h (tetrandrine group) post-infection.

2.5. MTT assay for cell viability
---------------------------------

Cytotoxicity of triptolide and tetrandrine were studied by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) assay. A549 cells were incubated in 96-well plates at 1 × 10^4^ cells per well containing 100 μl of RPMI-1640 medium and different concentrations of triptolide for 64 h or tetrandrine for 26 h. Cells were washed once before adding 50 μl FBS-free medium containing MTT (5 mg/ml). After 5 h of incubation at 37 °C, the medium was discarded and the formazan blue that formed in the cells was dissolved in DMSO (TECAN). The optical density was measured at 550 nm.

2.6. Enzyme-linked immunosorbent assay (ELISA)
----------------------------------------------

PGE~2~ was measured in culture medium from A549 cells infected with mock or dengue virus and pre-treated with triptolide or tetrandrine at various time points using a commercial sandwich ELISA kit (Quantikine; R&D Systems, Minneapolis, MN). All tests were conducted with undiluted sera according to the manufacturer\'s protocols.

2.7. Nuclear extract preparation
--------------------------------

Nuclear extracts were prepared according to our published work ([@bib63]). In brief, A549 cells (1 × 10^6^ cells in average in each treatment condition), after collection and a single wash with PBS solution, were left at 4 °C in 100 μl buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 µg/ml aprotinin) for 50 min with occasional gentle vortexing. The swollen cells were subjected to centrifugation at 14,000 rpm for 3 min. After removal of the supernatants (cytoplasmic extracts), the pelleted nuclei were washed with 50 μl buffer A and cell pellets resuspended in 40 μl buffer C (20 mM HEPES, pH 7.9, 420 mM NaCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 25% glycerol, 1 mM DTT, 0.5 mM PMSF, and 1 μg/ml aprotinin), incubated at 4 °C for 30 min with occasional vigorous vortexing, followed by centrifugation of the mixtures at 15,000 rpm for 20 min; the supernatants were used as nuclear extracts.

2.8. Electrophoretic mobility shift assay (EMSA)
------------------------------------------------

EMSAs were performed as detailed in our previous report ([@bib63]). The oligonucleotides containing AP-1 (Santa Cruz), NF-κB (Santa Cruz) and CREB (Promega) sequences were purchased and used as DNA probes. The DNA probes were radiolabeled with \[−  ^32^P\]ATP using T4 kinase according to the manufacturer\'s instructions (Promega). For the binding reaction, radiolabeled AP-1 and NF-κB probes were incubated with 4 µg nuclear extract. The binding buffer contained 10 mM Tris--HCl (pH 7.5), 50 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 1 mM MgCl~2~, 4% glycerol, and 2 µg poly(dI--dC). This binding reaction was left at room temperature for 10 min. In order to verify DNA-binding specificity, in some reactions 100-fold molar excess of unlabeled competitive oligonucleotides (cold competitor) and unlabeled non-specific oligonucleotides (mutant competitor) were pre-incubated with nuclear extracts for 10 min before the addition of the radiolabeled probes. The final reaction mixture samples were loaded on a 6.6% non-denaturing polyacrylamide gel with 0.25 × Tris--borate--EDTA (TBE), and electrophoresis was continued at 250 V for 60 min. After electrophoresis, gels were dried and subjected to radiography.

2.9. Western blotting
---------------------

ECL Western blotting (Amersham) was performed as described ([@bib26]). Briefly, after extensive washing with PBS once, the cells (3 × 10^5^) were pelleted and resuspended in 100 μl RIPA buffer (150 mM NaCl, 50 mM Tris--HCl (pH 7.5), 1 mM EDTA, 1% NP-40 (V/V), protease inhibitor (1 mM PMSF, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin), phosphatase inhibitor (1 mM Na~3~VO~4~, 1 mM NaF)). After periodic vortexing, the mixtures were subjected to centrifugation at 14,000 rpm for 20 min, the supernatant containing total cell lysate collected, and the protein concentration measured by Bio-Rad protein assay reagent. Equal amounts of protein (40 μg) from all samples were analyzed on 10% SDS-PAGE at 100 V for an appropriate time and transferred to nitrocellulose filters. For immunoblotting, the nitrocellulose filter was incubated with TBS-T (10 mM Tris--HCl (pH 8.0), 150 mM NaCl, 0.05% Tween-20) containing 5% nonfat milk (milk buffer) for 1 h, and then blotted with antisera against individual proteins (goat anti-COX-2 polyclonal Ab (sc-1745) from Santa Cruz, mouse anti-actin monoclonal antibody (MAB1501 from CHEMICON) for 2 h at room temperature. After washing with milk buffer thrice, the filter was incubated with secondary Ab (goat anti-mouse IgG from CHEMICON) conjugated to horseradish peroxidase (HRP) at a concentration of 1/5000 for 1 h at room temperature. The filter was then incubated with the ECL substrate (Amersham) and exposed to X-ray film.

2.10. Luciferase activity assay
-------------------------------

A549 cells were seeded onto 6-well culture plates (5 × 10^5^ cell/well) and transfected with 0.05 μg/well of herpes simplex thymidine kinase-driven Renilla luciferase reporter \[pRL-TK\] plasmid (Promega), as a transfection efficiency control, and 1 μg/well of NF-κB or AP-1 luciferase reporter plasmid, by using 3 μg Lipofectamine 2000 (Invitrogen) as specified by the manufacturer. The cells were incubated at 37 °C for 4 h then transferred to fresh culture medium and treated with various concentrations of tetrandrine for the next 24 h. The luciferase and Renilla activities of the A549 cells collected 24 h after tetrandrine treatment were measured using the Dual-Luciferases Reporter kit (Promega) according to the manufacturer\'s protocol. Luciferase activity was normalized to Renilla Luciferase activity and presented as luciferase units relative to control.

3. Results {#sec1}
==========

3.1. Dengue virus-induced COX-2 expression and PGE~2~ production
----------------------------------------------------------------

To determine whether dengue virus infection induces an inflammatory response, A549 and HepG2 cells, two commonly used cell lines for dengue virus infection study, and dendritic cells at 1 × 10^6^ ml^− 1^ were infected with mock or dengue virus (NGS strain) at m.o.i. 5 and then collected at 16, 24, 40 and 48 h post-infection. In A549 cells, COX-2 expression, though constitutively expressed, was time-dependently enhanced by dengue virus infection, starting between 16 and 24 h post-infection in both A549 cells and dendritic cells ([Fig. 1](#fig1){ref-type="fig"}A, C), but not in HepG2 cells ([Fig. 1](#fig1){ref-type="fig"}B). PGE~2~ concentration was also prominently enhanced between 24 and 40 h post-infection in A549 cells ([Fig. 1](#fig1){ref-type="fig"}D) and dendritic cells (data not shown). The following studies were carried out using A549 cells with dengue virus infection.Fig. 1Dengue virus stimulated COX-2 expression and PGE~2~ production. A549, HepG2 cells and human peripheral dendritic cells at 1 × 10^6^ ml^− 1^ infected with mock or dengue virus (m.o.i. = 5) were collected at various time points post-infection. Total cell lysates were prepared and analyzed for COX-2 using Western blotting assay and PGE~2~ concentration using ELISA. (A) COX-2 expression at various time points in mock- or dengue virus-infected A549 cells. (B) COX-2 expression at various time points in mock- or dengue virus-infected HepG2 cells. (C) COX-2 expression at various time points in mock- or dengue virus-infected dendritic cells. (D) PGE~2~ level at various time points in mock- or dengue virus-infected A549 cells.

3.2. Dengue virus infection-enhanced DNA-binding activity of NF-κB and AP-1
---------------------------------------------------------------------------

To explore the mechanism of dengue virus-induced COX-2 expression at the transcriptional level, the DNA-binding activities of NF-κB, AP-1 and CRE were evaluated using an EMSA of nuclear extracts from A549 cells sorted at 6, 16, 24, 40 and 48 h post-infection. The DNA-binding activity of both NF-κB and AP-1 were significantly increased at about 24 and 16 h post-infection, respectively ([Fig. 2](#fig2){ref-type="fig"}A, B), but CRE was not affected (data not shown). These results imply that dengue virus enhanced COX-2 expression in A549 cells partly through activation of NF-κB and AP-1 post-infection.Fig. 2Dengue virus-activated NF-κB and AP-1. A549 cells at 1 × 10^6^ ml^− 1^ infected with mock or dengue virus (m.o.i. = 5) were collected at various time points post-infection. The nuclear extracts were prepared and analyzed by EMSA. (A) NF-κB DNA-binding activity at various time points in mock- or dengue virus-infected A549 cells. (B) AP-1 DNA-binding activity at various time points in mock- or dengue virus-infected A549 cells.

3.3. Effect of triptolide and tetrandrine on COX-2 expression
-------------------------------------------------------------

Triptolide and tetrandrine are the active compounds of two different Chinese herbs, both possessing immunosuppressive functions. To explore the antiviral properties of these two compounds, at first, we tested whether the dengue virus-induced COX-2 expression would be modulated by triptolide or tetrandrine using methods similar to our previous work ([@bib15]). In the triptolide treatment group, A549 cells were pre-treated with various concentrations of triptolide (0.5, 1, 2, 4 ng/ml) for 16 h pre-infection, then collected 48 h post-infection with mock or dengue virus (m.o.i. = 5) (total drug treatment time 64 h). In the tetrandrine treatment group, A549 cells were pre-treated with various concentrations of tetrandrine (1, 2.5, 5, 10 μM) for 2 h pre-infection, then collected 24 h post-infection with mock or dengue virus (m.o.i. = 5) (total treatment time 26 h). Western blotting results showed that the dengue virus-induced COX-2 expression in A549 cells was apparently inhibited by triptolide in a dose-dependent manner ([Fig. 3](#fig3){ref-type="fig"}B). In the tetrandrine treatment group, the dengue virus-induced COX-2 expression at 24 h post-infection was not apparent in comparison with control cells but was significantly enhanced at a high concentration of tetrandrine (10 μM), not only in dengue virus-infected A549 cells ([Fig. 4](#fig4){ref-type="fig"}B), but also in non-infected A549 cells ([Fig. 4](#fig4){ref-type="fig"}C). There was no detectable cytotoxicity of triptolide and tetrandrine to A549 cells by MTT assays under the conditions tested (data not shown).Fig. 3Dose-dependent triptolide inhibition of dengue virus-inducted COX-2 expression. A549 cells at 1 × 10^6^ ml^− 1^ treated with various concentrations of triptolide (0.5, 1, 2 and 4 ng/ml) for 16 h pre-infection were collected at 48 h post-infection with mock or dengue virus (m.o.i. = 5) (total treatment time 64 h). (A) Chemical structure of triptolide (PG490). (B) Western blot showing COX-2 expression in dengue virus-infected A549 cells treated with triptolide. The fold induction was presented as a comparison with the intensity determined in the internal β-actin control.Fig. 4Effect of tetrandrine on dengue virus-induced COX-2 expression. A549 cells at 1 × 10^6^ ml^− 1^ treated with various concentration of tetrandrine (1, 2.5, 5 and 10 μM) for 2 h pre-infection were collected at 24 h post-infection with mock or dengue virus (m.o.i. = 5) (total treatment time 26 h). β-actin expression was used as internal control for normalization. The fold induction of COX-2 was presented as a comparison with the intensity of control cells determined by the internal β-actin control. (A) Chemical structure of tetrandrine. Western blot showing (B) COX-2 expression in dengue virus-infected A549 cells treated with tetrandrine and (C) COX-2 expression in uninfected A549 cells treated with tetrandrine.

3.4. Triptolide inhibition of virus-induced COX-2 expression during post-infection
----------------------------------------------------------------------------------

To examine the anti-inflammatory effect of triptolide in post-infection treatment, A549 cells were treated with 4 ng/ml triptolide at various time points before and after infection with dengue virus or mock (16 h pre-infection, 0, 2, 4, 8, 24 and 32 h post-infection) and COX-2 expression analyzed at 48 h post-infection. Compared with the COX-2 level in dengue virus-infected A549 cells without treatment, post-infection treatment with triptolide still inhibited COX-2 expression, even at 24 h and probably up until 32 h post-infection ([Fig. 5](#fig5){ref-type="fig"} ).Fig. 5Anti-inflammatory effect of triptolide in post-infection treatment. A549 cells were treated with 4 ng/ml of triptolide for various time periods before and after infection (16 h pre-infection, 0, 2, 4, 8, 24 and 32 h post-infection) with mock dengue virus or (m.o.i. = 5) and total cell lysates harvested at 48 h post-infection for analysis of COX-2 expression. (A) Illustration for the timeframe of drug treatment and dengue virus infection. (B) COX-2 level in mock- or dengue virus-infected A549 cells treated with triptolide at various time points. Protein band signals were analyzed by densitometry. The ratio of COX-2 expression between the treated cells and control was presented after using β-actin as internal control for normalization.

3.5. Opposite effects of triptolide and tetradrine on dengue virus-induced PGE~2~ production
--------------------------------------------------------------------------------------------

To determine whether the PGE~2~ levels paralleled the inhibition of COX-2, the PGE~2~ levels in the supernatants of A549 cells infected with dengue virus and treated with various concentrations of triptolide or tetrandrine at the same conditions and time points were detected by ELISA. Dengue virus-induced PGE~2~ production was inhibited by triptolide in a dose-dependent manner ([Fig. 6](#fig6){ref-type="fig"}A). Conversely, PGE~2~ production was dose-dependently activated by tetrandrine, markedly enhanced at a high tetrandrine concentration (10 μM), corresponding well to the activation of COX-2 at high concentration of tetrandrine ([Fig. 4](#fig4){ref-type="fig"}B).Fig. 6Effects of triptolide and tetrandrine on dengue virus-induced PGE~2~ production. A549 cells were treated with various concentrations of triptolide for 16 h or tetrandrine for 2 h prior to infection with mock or dengue virus (m.o.i. = 5), and then collected at 48 and 24 h post-infection, respectively. ELISA showing (A) PGE~2~ level in dengue virus-infected A549 cells treated with triptolide and (B) PGE~2~ production in dengue virus infection A549 cells treated with tetrandrine.

3.6. Dose-dependent triptolide inhibition of NF-κB and AP-1 DNA-binding activity
--------------------------------------------------------------------------------

COX-2 gene expression is mainly regulated at the transcription level. We performed EMSA using specific binding oligonucleotides to further investigate the activity of NF-κB and AP-1 in the nucleus of dengue virus-infected A549 cells treated by various concentrations of triptolide 16 h pre-infection and harvested 48 h post-infection with mock or dengue virus (m.o.i. = 5). The DNA-binding activities of NF-κB and AP-1 induced by dengue virus infection in A549 cells were both inhibited by triptolides in a dose-dependent manner ([Fig. 7](#fig7){ref-type="fig"}A, B).Fig. 7Effect of triptolide on dengue virus-induced NF-κB and AP-1 activation. A549 cells were treated with various concentrations of triptolide for 2 h prior to infection with mock or dengue virus (m.o.i. = 5) and collected 48 h post-infection. EMSA of nuclear extracts showing (A) NF-κB in dengue virus-infected A549 cells treated triptolide and (B) AP-1 DNA-binding activity in dengue virus-infected A549 cells treated with triptolide.

3.7. Viral infection-independent effects of tetrandrine on NF-κB and AP-1
-------------------------------------------------------------------------

Our data showed that tetrandrine at high concentration activated COX-2 and PGE~2~. To determine whether this effect was due to modulation of transcription factors, the DNA-binding activities of NF-κB and AP-1 were evaluated using EMSA in the nuclear extracts of A549 cells treated with various concentrations of tetrandrine (1, 2.5, 5, 10 μM) for 2 h pre-infection and harvested 24 h post-infection with mock or dengue virus (m.o.i. = 5). Tetrandrine at low concentration (1 μM) inhibited the DNA-binding activity of NF-κB induced by dengue virus, but shifted the mobility and changed the pattern of the band indicating NF-κB at higher concentration (2.5, 5, 10 μM) ([Fig. 8](#fig8){ref-type="fig"}A). These findings imply that a high dose of tetrandrine changed the composition of NF-κB in A549 cells infected with dengue virus. In A549 cells without dengue virus infection, the bands of NF-κB were also shifted and patterns also changed at high concentration of tetrandrine ([Fig. 8](#fig8){ref-type="fig"}B). To confirm that the unusual bands appearing on the EMSA at higher concentration of tetrandrine were NF-κB specific, competition experiments were performed with a 100-fold molar excess of non-radioactive wild-type NF-κB with canonical sequence (NF-κB competitor), or a mutant NF-κB to ensure that the normal NF-κB band reappeared.Fig. 8DNA-binding activity of NF-κB affected by tetrandrine. Nuclear extracts of A549 cells, treated with various concentrations of tetrandrine for 2 h prior to infection, infected with mock or dengue virus and harvested at 24 h post-infection, were collected and analyzed by EMSA to show DNA-binding activity of (A) NF-κB in dengue virus-infected A549 cells treated with tetrandrine and (B) NF-κB in uninfected A549 cells treated with tetrandrine. Some reactions included an unlabeled NF-κB competitor (oligonucleotide probe) (A, lanes 8 and 10; B, lanes 7 and 9) and an unlabeled mutant NF-κB (non-specific probe) (A, lanes 9 and 11; B, lanes 8 and 10).

Besides activating DNA binding of AP-1, tetrandrine at high concentration also decreased the AP-1 band mobility and change the band pattern on EMSA ([Fig. 9](#fig9){ref-type="fig"}A). In non-infected A549 cells, tetrandrine at higher concentrations also yielded similar results ([Fig. 9](#fig9){ref-type="fig"}B). The specificity of the AP-1 bands with mobility shift was also confirmed by competition analysis with an AP-1 competitor and mutant AP-1 probes ([Fig. 9](#fig9){ref-type="fig"}B, lanes 7--10).Fig. 9DNA-binding activity of AP-1 affected by tetrandrine. The nuclear extracts of A549 cells, treated with various concentrations of tetrandrine for 2 h prior to infection, infected with mock or dengue virus and harvested at 24 h post-infection, were collected and analyzed by EMSA to show DNA-binding activity of AP-1 in (A) dengue virus-infected A549 cells treated with tetrandrine and (B) uninfected A549 cells treated with tetrandrine. In some reactions, an unlabeled AP-1 competitor (oligonucleotide probe) (B, lanes 7 and 9) and an unlabeled mutant AP-1 (non-specific probe) (A, lanes 8 and 10) were included.

The DNA-binding activities of NF-κB and AP-1 were enhanced by high concentration of tetrandrine, but the compositions of these transcription factors seemed to be modified. To investigate the impact of the modification of NF-κB and AP-1 on gene expression, we transfected non-infected A549 cells with NF-κB and AP-1 luciferase constructs and then treated them with various concentrations of tetrandrine up to 24 h. We found that tetrandrine at lower concentrations (1, 2.5 and 5 μM) mildly inhibited the NF-κB luciferase activity, but at high concentration activated NF-κB to the control level ([Fig. 10](#fig10){ref-type="fig"}A). AP-1 activity was enhanced by tetrandrine, especially at high concentration ([Fig. 10](#fig10){ref-type="fig"}B). Higher concentration of tetrandrine also enhanced the DNA-binding activity of CRE in A549 cells without dengue virus infection (data not shown).Fig. 10Lucifearse assay for NF-κB and AP-1 activities affected by tetrandrine. A549 cells were transfected with NF-κB or AP-1 luciferase reporter plasmid and pRL-TK plasmid and treated with various concentration of tetrandrine in fresh media for 24 h. The luciferase activities of NF-κB and AP-1 were normalized to pRL-TK luciferase activity and presented as fold induction relative to control. (A) NF-κB luciferase activity in A549 cells treated with tetrandrine. (B) AP-1 luciferase activity in A549 cells treated with tetrandrine at high concentration.

3.8. Dose-dependent suppression of virus production by tetrandrine
------------------------------------------------------------------

A number of studies support a role for PGE~2~ in the modulation of viral replication and virulence in a cell type- and virus-selective manner ([@bib55]). There is increasing evidence showing mutual influences between virus replication/production and the expression of COX-2, PGE~2~, NF-κB and other numerous factors ([@bib50], [@bib55]). Modulation of these factors might be an antiviral strategy. The effects of triptolide and tetrandrine on virus production in dengue virus-infected A549 cells were investigated. A549 cells at 1 × 10^6^ ml^− 1^ were pre-treated with various concentrations of triptolide for 16 h or tetrandrine for 2 h pre-infection, and then collected 48 and 24 h, respectively, post-infection with mock or dengue virus (m.o.i. = 5). Unexpectedly, tetrandrine dose-dependently inhibited viral production in dengue virus-infected A549 cell ([Fig. 11](#fig11){ref-type="fig"}B), but triptolide did not ([Fig. 11](#fig11){ref-type="fig"}A).Fig. 11Virus production in dengue virus-infected A549 cells treated with triptolide, tetrandrine and exogenous PGE~2~. A549 cells at 1 × 10^6^ ml^− 1^ were treated with various concentrations of triptolide for 16 h pre-infection and 48 h post-infection, or treated with various concentrations of tetrandrine for 2 h pre-infection and 24 h post-infection with mock or dengue virus (m.o.i. = 5). Virus titers are expressed in log scale. (A) Virus titers in A549 cells treated with triptolide. (B) Virus titers in A549 cells treated with tetrandrine. (C) A549 cells at 1 × 10^6^ ml^− 1^ were treated with different concentrations of exogenous PGE~2~ for 2 h pre-infection and 24 h post-infection with mock or dengue virus (m.o.i. = 5). The virus titers in supernatants were analyzed using plaque assay.

Tetrandrine at high concentration enhanced PGE~2~ production but suppressed viral production in dengue virus-infected A549 cells. To clarify the relationship between PGE~2~ level and virus production, A549 cells were treated with various concentrations of exogenous PGE~2~ (500--50,000 pg/ml) for 2 h pre-infection and collected 24 h post-infection for virus titer measurement. We found that the viral titer in dengue virus-infected A549 cells was not affected by exogenous PGE~2~ at all, even with a concentration up to 50,000 pg/ml, 17 times more than the PGE~2~ level induced by high concentration (10 μM) of tetrandrine ([Fig. 11](#fig11){ref-type="fig"}C).

4. Discussion
=============

In most mammalian tissues, COX-2 expression remains undetectable under basal conditions but is induced by various extracellular signals and stimuli, including oncogenes, mitogens, cytokines, growth factors, inflammatory molecules, endotoxins and tumor promoters, as well as viral infection ([@bib61], [@bib55]). In the present study, we demonstrate for the first time that dengue virus infection can induce overexpression of COX-2 and significant PGE~2~ release in dendritic cells, which are the first target of dengue virus after infection by mosquito-feeding. The so-called break-bone pain is probably related to the overproduction of PGE~2~ after systemic dengue virus infection.

Recently, it has been proven that dengue virus is able to infect and replicate in human primary lung epithelium and various lung cancer cell lines, including A549 ([@bib29]). The results of this study further verify the vulnerability of human lung tissue to dengue virus infection by showing activated COX-2 expression and PGE~2~ production in A549 cells following viral infection, similar to the response in dendritic cells. However, the absence of COX-2 expression in HepG2 cells, which are usually infected by dengue virus as well, implies that the immune response to virus infection is cell-specific.

It is now known that apart from its constitutive expression in a few organs, including the central nervous system, kidneys and the gonads, COX-2 is overexpressed in many types of human cancer, such as colon, breast, prostate, esophagus, pancreas and lung, and appears to be an excellent target for chemoprevention or cancer treatment ([@bib7], [@bib51]). In agreement with other studies, our results also showed that A549, a human airway type II alveolar epithelial carcinoma cell line, overexpresses COX-2 at the basal state ([@bib60], [@bib35]).

The induction of COX-2 is mediated by a variety of transcription factors including NF-κB, AP-1, CRE binding protein (CREB), NFAT and nuclear factor interleukin-6 (NF-IL6) ([@bib18], [@bib27]). Activation of NF-κB is a hallmark of most viral infections ([@bib50]). Cytokines stimulated by NF-κB, such as TNF-α and IL-1β, are also potent NF-κB inducers, hence establishing a positive autoregulatory loop that can amplify the inflammatory response and lead to chronic infection. It is now clear that viruses can directly activate NF-κB and utilize it in different ways to their own advantage ([@bib11], [@bib50]). Thus, inhibitors of NF-κB are of interest as potential anti-inflammatory drugs.

Until recently, AP-1 was considered a transcription factor expressed in most tissues to regulate cellular and even viral genes ([@bib10], [@bib21], [@bib49]). Various stimuli have now been shown to induce activity of AP-1 family members, including physiological agents, cellular stress, inflammatory cytokines and pharmacological compounds, as well as bacterial and viral infections ([@bib6]).

As our EMSA results showed ([Fig. 2](#fig2){ref-type="fig"}), DNA-binding activity of NF-κB and AP-1 in dengue virus-infected A549 cells was significantly activated at about 24 and 16 h post-infection, respectively, and lasted more than 48 h post-infection. The dengue virus-induced activation of AP-1 reached a peak at 40 h post-infection, but NF-κB might reach its peak later. The dengue virus-induced COX-2 expression in both A549 and dendritic cells occurred earlier than 24 h post-infection ([Fig. 1](#fig1){ref-type="fig"}A, C), but the dengue virus-induced PGE~2~ production was not obvious until 40 h post-infection ([Fig. 1](#fig1){ref-type="fig"}D). Once activated, the time course between COX-2 mRNA expression and COX-2 protein production generally correlated well. COX-2 expression is induced within 2--6 h in several types of cells including fibroblasts, endothelial cells and monocytes in response to bacterial endotoxins, cytokines, hormones or growth factors ([@bib57]). In our study of A549 cells infected with dengue virus, the AP-1 activation seemed to occur earlier than NF-κB but with a shorter duration. To our knowledge, this is the first demonstration that dengue virus infection in human lung cells can activate NF-κB and AP-1, both transcription factors of the COX-2 gene. It suggests that dengue virus infection in A549 cells might induce numerous intracellular signaling cascades converging with the activation of NF-κB, AP-1 and possibly other transcription factors, which act independently or coordinately to regulate expression of *cox-2* and subsequent PGE~2~ release.

The release of PGE~2~ through activation of COX-2 is a common host inflammatory response to various stimuli. PGE~2~, induced by viral infection as well as other stimuli, has important effects on the replication and infectivity of a virus ([@bib55], [@bib57]). Modulation of COX-2 has been showed to be promising target for controlling not only inflammation, pain and autoimmune disease, but also viral infection ([@bib47], [@bib55]). Here, we investigated the anti-inflammatory and antiviral potentials of two compounds extracted from Chinese herbs known to possess inhibition of COX-2 expression function.

Triptolide, a diterpenoid epoxide sometimes referred to as PG490 ([Fig. 3](#fig3){ref-type="fig"}A), is believed to be the major therapeutic extract of TWHf ([@bib56]) with anti-inflammatory and immunosuppressive activities. It has been shown to inhibit lymphocyte proliferation, and synthesis and secretion of pro-inflammatory cytokines ([@bib42], [@bib24]). The medicinal chemistry and pharmacology of triptolide have been reviewed recently ([@bib1]). In this study, we showed that triptolide not only dose-dependently inhibited the COX-2 expression and PGE~2~ production induced by dengue virus, but also dose-dependently inhibited the activities of NF-κB and AP-1. These results mirror the findings in other studies showing that triptolide suppresses transactivation of NF-κB and AP-1 in human gastric cancer cells ([@bib20]) and inhibits COX-2 expression via NF-κB pathway in astrocytes ([@bib5]) and dendritic cells ([@bib33]).

Tetrandrine, a bis-benzylisoquinoline alkaloid, is purified from the tuberous roots of creeper *S. tetrandrae* S. Moore. In China, it is traditionally prescribed to treat hypertension, rheumatoid arthritis, inflammation and silicosis and might possess anticancer, immunosuppressive and free radical scavenging activities ([@bib12]). Tetrandrine has been shown to inhibit NF-κB activation in human peripheral blood T cells induced by various stimuli through downregulation of the IκBα kinases-IκBα-NF-κB signaling pathway ([@bib15]) and in LPS-stimulated pancreatic acinar cells of rat ([@bib64]). However, in our study, tetrandrine at high concentration further activated COX-2 and markedly increased PGE~2~ production, more than 17 times over control, corresponding to the activation of NF-κB and AP-1. High-concentration tetrandrine also activated COX-2 expression, and NF-κB and AP-1 activity in the absence of dengue virus infection. An early study exploring the cytotoxicity of tetrandrine on mouse peritoneal macrophages found the dose-dependent loss of cell viability was accompanied by the generation of PGE~2~ to levels 285--877% of control ([@bib38]), suggesting evidence of COX-2 activation by tetrandrine at high concentration.

Some viruses activate, incorporate into, and make use of the NF-κB signaling pathway in favor of blocking apoptosis, prolonging survival of the host cell to gain time for replication and increase virus production ([@bib11]). In two early studies, it was shown that aspirin at high concentration not only inhibited COX but also directly inhibited the activity of NF-κB in Jurkat cells and AP-1 in JB6 cells ([@bib8], [@bib23]), implying that aspirin might inhibit NF-κB and AP-1 in a cell-specific fashion. It was also shown that salicylates restricted flavivirus replication independent of the NF-κB pathway ([@bib30]), implying that NF-κB might not be the target for antiviral therapy; i.e. NSAIDs might yield their antiviral effect though the COX/PGE~2~ pathway instead. In our study, the activation of NF-κB and AP-1 in dengue virus-infected A549 cells could be via either defensive or defeated pathway, but an inflammatory response to dengue virus infection was indicated by the corresponding activation of COX-2 and PGE~2~. However, triptolide, while it dose-dependently inhibited the dengue virus-activated COX-2/PGE~2~/NF-κB/AP-1, did not affect viral production at all. This implies that dengue virus did not usurp NF-κB and AP-1 pathway for replication. Nevertheless, the post-infection anti-inflammatory effect of triptolide through blockage of COX-2/PGE~2~ still holds treatment potential via attenuation of the overwhelming inflammation and agonizing bone pain in dengue fever. On the contrary, the potential antiviral effect of tetrandrine might act by way of activating NF-κB and AP-1, rather than COX-2/PGE~2~, although both were enhanced by tetrandrine at high concentration.

While PGE~2~ is mainly considered to promote inflammation, it has complex effects on immunity depending on the pathogen and surrounding milieu ([@bib9]) hence regulates viral replication and virulence. For instance, PGE~2~ inhibits replication of some viruses ([@bib32], [@bib55], [@bib59]), but enhances replication of others ([@bib22], [@bib37], [@bib2], [@bib17], [@bib53]). Our study showed that PGE~2~, while activated by high-concentration tetrandrine, is not the mechanism though which tetrandrine suppressed virus production, confirmed by the unchanged virus titer in A549 cells treated with exogenous PGE~2~.

In our EMSA study, it was incidentally found that high concentration of tetrandrine induced mobility shift and band pattern changes in NF-κB and AP-1 in A549 cells, probably by activation of non-specific protein binding. Because both NF-κB and AP-1 are implicated in the expression of various genes, tetrandrine-modified NF-κB and AP-1 may collaborate with other transcription factors or enhancers, and thus activate other genes involved in inflammation or immune response in addition to COX-2. This might explain our finding that high-concentration tetrandrine suppressed virus production in dengue virus-infected A549 cells.

In conclusion, herein we demonstrated that dengue virus infection induced COX-2/PGE~2~ expression in human lung cells, similarly to dendritic cells, presumably via activation of NF-κB and AP-1. Triptolide suppressed these viral-induced inflammatory responses in a dose-dependent manner, but failed to affect virus production. Conversely, tetrandrine at high concentration enhanced COX-2/PGE~2~, activated and modified NF-κB and AP-1 in A549 cells, regardless of infection status. Surprisingly, tetrandrine, not triptolide, suppressed virus production in A549 cells. Our data demonstrating the differential effects of triptolide and tetrandrine shed light on the immune response to dengue virus infection via COX-2 and its transcription factors, and suggest the potential for anti-inflammatory and antiviral therapy with herbal medicines. Additional gene or transcription factor targets of modulation by triptolide or tetrandrine deserve further investigation.
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